Abstract Authigenesis of ferrimagnetic iron sulfide minerals (greigite and monoclinic pyrrhotite) occurred across the Paleocene-Eocene Thermal Maximum (PETM) within the Bakchar oolitic ironstone in southeastern Western Siberia. Co-occurrence of these minerals is associated with diagenetic environments that support anaerobic oxidation of methane, which has been validated by methane fluid inclusion analysis in the studied sediments. In modern settings, such ferrimagnetic iron sulfide formation is linked to upward methane diffusion in the presence of minor dissolved sulfide ions. The PETM was the most extreme Cenozoic global warming event and massive methane mobilization has been proposed as a major contributor to the globally observed warming and carbon isotope excursion associated with the PETM. The studied sediments provide rare direct evidence for methane mobilization during the PETM. Magnetic iron sulfide formation associated with methanogenesis in the studied sediments can be explained by enhanced local carbon burial across the PETM. While there is no strong evidence to link local methane venting with more widespread methane mobilization and global warming, the magnetic, petrographic, and geochemical approach used here is applicable to identifying authigenic minerals that provide telltale signatures of methane mobility that can be used to assess methane formation and mobilization through the PETM and other hyperthermal climatic events.
Introduction
Ferrimagnetic iron sulfide minerals in marine sediments, including greigite (Fe 3 S 4 ) and monoclinic pyrrhotite (Fe 7 S 8 ), can provide important information about geological, environmental, and diagenetic processes (Berner, 1984; Canfield & Berner, 1987; Horng & Roberts, 2006; Roberts, 2015) . Understanding the origin of these minerals also enables assessment of the reliability of sedimentary paleomagnetic signals (Horng et al., 1998; Horng & Huh, 2011; Horng & Roberts, 2006; Kars & Kodama, 2015b; Roberts, 2015; Roberts et al., 2011; Roberts & Weaver, 2005) . Sedimentary magnetic iron sulfides can have diagenetic (Kars & Kodama, 2015a; Larrasoaña et al., 2007; Liu et al., 2004; Roberts et al., 2011; Roberts & Turner, 1993; Weaver et al., 2002) , biogenic (Chang et al., 2014; P osfai et al., 2001; Vasiliev et al., 2008) , detrital (Horng et al., 2012; Horng & Roberts, 2006) , or hydrothermal (Dill et al., 1994; Seewald et al., 1990) origins. Greigite can form in association with early diagenetic processes (Roberts, 2015) such as sulfate reduction (Liu et al., 2004) , anaerobic oxidation of methane Kasten et al., 1998; Neretin et al., 2004) , and formation of methane hydrates (Housen & Musgrave, 1996; Kars & Kodama, 2015a; Larrasoaña et al., 2007) . The kinetics of monoclinic pyrrhotite formation preclude its formation during earliest burial; its presence as an authigenic mineral is indicative of formation over longer periods (e.g., Horng & Roberts, 2006) , often in relation to anaerobic oxidation of methane and formation of gas hydrates (Horng & Chen, 2006; Kars & Kodama, 2015a; Roberts et al., 2010; Shi et al., 2017; van Dongen et al., 2007; Weaver et al., 2002) . The formation of these magnetic iron sulfide minerals (particularly pyrrhotite) has been associated with increasingly methane seepage in marine sediments Kars & Kodama, 2015a , 2015b Larrasoaña et al., 2007; Neretin et al., 2004; van Dongen et al., 2007) . This is important because methane emissions are a leading cause of past global climate change (Kvenvolden, 1993) and contribute to present-day climate change (Crichton et al., 2016; Monnin, 2001; Shakhova et al., 2017; Tesi et al., 2016) .
Geological Setting
The Bakchar deposit is the one of the main deposits of the West Siberian iron ore basin (Belous et al., 1964) and is located on the southeastern Western Siberian Plain (Figures 1a and 1b) . Based on biostratigraphy, oolitic ironstones of the Bakchar deposit formed from the Cretaceous (Turonian) to the Eocene (Gnibidenko et al., 2015; Lebedeva et al., 2017; Podobina, 1998 Podobina, , 2003 Podobina, , 2015 , and occur within marine sandstones, siltstones, and claystones. The ironstones of Western Siberia are confined to the coastal area of the ancient epicontinental West Siberian Sea ( Figure 1a ) (Frieling et al., 2014; Iakovleva, 2011) and are distributed along the southeastern Western Siberian plain (Belous et al., 1964) . In the Late Paleogene and Eocene, the West Siberian Sea (or Obik Sea; Carney & Dick, 2000) was connected to the northeastern Peritethys via the Turgai Seaway and represented one of the main paleogeographic elements of Central Eurasia (Akhmetiev & Zaporozhets, 2014) . The Bakchar oolitic ironstones consist of chamosite-goethite ooliths, ooids, and detrital quartz and feldspars in a matrix of hydromica, chamosite, and siderite (Rudmin & Mazurov, 2016) . The studied P-E sequence lies immediately above the iron-bearing deposits of the so-called Bakchar horizon. A Paleocene age of the Bakchar horizon is indicated by foraminiferal assemblages that include Cyclammina coksuvorovae (Uschakova), Verneuilinoides paleogenicus (Lipman), Trochammina pentacamerata (Lipman), and Trochammina intacta (Podobina) , while the Eocene age of overlying claystones is indicated by foraminiferal assemblages that include Textularia carinatiformis sibirica, Anomalinoides ypresiensis ovatus, Labrospira granulosa (Lipman), and Ammomarginulina spectata (Podobina) (Podobina, 1998 (Podobina, , 2003 (Podobina, , 2015 . Vibe et al. (2017) indicated that the West Siberian basin experienced varied and prolonged vertical motion from its inception in the Triassic to today. Rapid tectonic subsidence in the Triassic and Early Jurassic was followed by a slowdown in the Late Jurassic-Cretaceous. Slow Paleocene subsidence continued until the Middle Oligocene when the basin experienced renewed uplift. Tectonic subsidence in Jurassic deposits of the southeastern West Siberian basin reached 2.5-3 km, but early Paleogene deposits were associated with uplift (Vibe et al., 2017) . This suggests that early Paleogene sediments in the Bakchar deposit did not undergo deep burial, which is supported by their unlithified nature.
Materials and Methods
More than 40 oolitic ironstone samples (with high magnetic susceptibility, MS) were collected from drill cores (Figure 1c ) from the 155 to 192 m cored depth interval of P-E sedimentary rocks of the Bakchar deposit and were investigated with mineralogical, petrographic, and geochemical techniques. MS measurements were made directly on the core with a Terraplus KT-10 MS meter (sensitivity of 1 3 10 26 SI). Measurements were made at 10 cm stratigraphic intervals for 645 discrete samples.
Sedimentary iron sulfide minerals, including pyrrhotite, greigite, and pyrite, were identified and investigated using scanning electron microscope (SEM) observations with energy dispersive X-ray spectroscopy (EDS) analyses. SEM-EDS analyses were performed on polished sections, using a TESCAN VEGA 3 SBU SEM equipped with an OXFORD X-Max 50 EDS analyzer with a Si/Li crystal detector. An accelerating voltage of 20 kV with a beam current between 3.5 and 15 nA was used for SEM observations. X-ray fluorescence (XRF) analysis was undertaken to determine the major element chemistry of 30 powdered samples (<250 mm) with a HORIBA X-Ray Analytical Microscope XGT 7200, operated at 15-50 kV and 1-100 mA, with a 1.2 mm X-ray beam for 100 s. The detection limit for major elements is better than 0.01 wt %. SEM and XRF Figure 1 . (a) Global Eocene plate reconstruction with location of the West Siberian Sea (modified from http://www2.nau. edu/rcb7/globaltext2.html). (b) Eocene paleogeographic map of the studied region around the West Siberian Sea with locations of oolitic ironstone deposits (modified from Smith et al. (1994) ). (c) Simplified geological map of the Bakchar deposit with distribution of Paleocene-Eocene oolitic ironstone (modified from Belous et al. (1964) ).
investigations were carried out at the Department of Geology and Minerals Prospecting, Tomsk Polytechnic University.
Trace elements (TEs) were analyzed using inductively coupled plasma-mass spectroscopy (ICP-MS) at the Hydrogeochemistry Research Laboratory, Tomsk Polytechnic University. About 0.5 g of powdered sample was fused using 0.8 g of LiBO 2 /Li 2 B 4 O 7 at 1,0508C for 15 min. After fusion, the glass beads were dissolved in a mixture of 5:4:1.5 HF, HNO 3 , and HClO 4 at 1208C in a platinum crucible for 6 h. The acids were evaporated at 1608C; the rest was dissolved in 10 mL of 5HNO 3 . The resultant solutions were filtered and analyzed for rare earth elements (see El-Habaak et al., 2016) . All elemental concentrations were normalized to Al content to remove the effect of variable terrigenous input (Brumsack, 2006; Tribovillard et al., 2006) . Al commonly has a detrital origin and is usually immobile during biological and diagenetic processes (Calvert & Pedersen, 1993) . Enrichment factors (EFs) were calculated for each sample as follows : X EF 5 (X/Al) sample /(X/Al) PAAS , where (X/Al) PAAS is the aluminum-normalized concentration of element X, ratioed to that of PAAS (post-Archean Australian shale) from Taylor and McLennan (1985) . EF > 1 represents detectable authigenic enrichment of the element above average shale concentration, where EF > 10 indicates moderate to strong enrichment (N uñez-Useche et al., 2016; Tribovillard et al., 2006 Tribovillard et al., , 2012 . Biogenic barium (Ba bio ) was calculated using the normalized approach of Dymond et al. (1992) : Ba bio 5 Ba total 2 (Al 3 (Ba/Al) detrit ), where (Ba/Al) detrit represents the Ba/Al ratio (0.0037) of the global average ratio proposed by Reitz et al. (2004) .
Pyrolysis was performed on samples using a model 6 turbo ROCK-EVAL analyzer (Vinci Technologies) at the Arctic Seas Carbon Research International Laboratory, Tomsk Polytechnic University, where 100 mg samples were heated to 3008C to release volatile hydrocarbons. Pyrolysis was performed at a rate of 258C/min to 6008C to release pyrolytic hydrocarbons. The CO 2 released was trapped inside a thermal conductivity detector to quantify thermally produced organic CO 2 , which is the total organic carbon (TOC) content. In order to constrain the age model and to identify the PETM CIE, samples were analyzed for bulk organic carbon isotopes (d 13 C org ). d 13 C org analyses were carried out at the Tomsk Oil and Gas Research and Design Institute.
An aliquot of each powdered sample was decarbonated using 10% HCl. The samples were analyzed by continuous flow isotope ratio mass spectrometry using a DELTA V ADVANTAGE mass spectrometer (Thermo Fisher Scientific) coupled to an elemental analyzer Flash 2000 through a universal interface ConFlo IV. Carbon isotope abundance is expressed as d
13
C org (&) relative to VPDB (Vienna Pee Dee Belemnite). International reference standards (NBS-22, IAEA-CH-7, and USGS 24) were used for d 13 C org calibration.
Fluid inclusions were analyzed using a Lincam MDSG600 Heating-Freezing system mounted on a standard petrographic microscope at the Department of Geology and Minerals Prospecting, Tomsk Polytechnic University. The precision for measured temperatures is approximately 60.18C from 21968C to 6008C. Freezing and heating temperatures were measured for the same inclusion where possible. A confocal Thermo Fisher Scientific DXR2 Raman spectrometer was used to detect volatile phases in fluid inclusions. All measurements were carried out with a laser wavelength of 532 nm and 20-25 mW power. The beam was focused on the bubble for each fluid inclusion through a light microscope. Spectra were usually acquired over a 30 s period for 0 to 3,300 cm 21 with a three-rate accumulation. This accumulation results in unrealistic quantitative intensities, but reduces the background signal significantly. For qualitative evaluation, resulting Raman shifts were compared with the Raman data base of Frezzotti et al. (2012) . Raman analyses were carried out at the Department of Geology and Minerals Prospecting, Tomsk Polytechnic University.
Results

Lithology and Petrography
The Paleocene Bakchar sequence has greenish-gray sandstone at the base that is overlain directly by brownish-gray oolitic ironstones (Figure 2 ). Sandstone thicknesses vary mostly from 2 to 11.5 m and depend on distance from the ancient coast line. The Paleocene deposits overlie Maastrichtian oolitic ironstones or glauconitic sandstones. The Paleocene ironstones are lenticular bodies with northwest-southeast striking orientations. The thickness of these oolitic ironstones varies from 2.5 to 22 m. The P-E Bakchar horizon consists of two types of ores: loose oolitic ironstone (thickness 0.2-11.4 m) occurs at the base of the horizon and is replaced higher in the section by cemented oolitic ironstone with siderite matrix (thickness 0.2-7.7 m). Eocene parallel-laminated hydromica claystone overlies the Paleocene ironstone discordantly and consists of a complex of detrital materials with gritstone (thickness 0.1-1.1 m) at the base. The Eocene claystones have average thicknesses of 12.5 m.
The Maastrichtian oolitic ironstones ( Figure 3a ) are brownish-gray, medium-grained, and comprise terrigenous material (30-40%), chamosite-goethite ooids (20-25%), glauconite (8-20%), and chamosite matrix. Microcrystals of siderite, rare sphalerite, pyrite framboids, or apatite are observed in the chamosite matrix of these rocks. Maastrichtian glauconitic sandstones are greenish-gray and fine-grained, and consist of detrital quartz (40-54%), glauconite (22-33%), chamosite-goethite ooids (5-20%), and chamosite matrix. The Paleocene sandstone (Figure 3b ) is yellowish-gray or greenish-gray, medium-grained, and comprises detrital quartz and feldspars (55-60%), chamosite-goethite ooids (10-45%), glauconite (5-15%), pyrite framboids, and chamosite matrix. The oolitic ironstone with amorphous or lepidocrocite matrix ( Figure 3c ) consists of quartz (20-30%), chamosite-goethite ooids (40-60%), and glauconite (up to 5%). The loose ironstone (Figure 3e ) is dark-brown to black, medium-grained and comprises chamosite-goethite ooliths (70-80%), and detrital quartz (20-30%). The cemented ironstone (Figure 3d ) is brown, medium-grained, and consists of chamosite-goethite ooliths (50-60%) and detrital quartz (5-10%) in siderite matrix. The Eocene gritstone has a tobacco color ( Figure 3f ) and comprises large siliciclastic fragments, ooliths, glauconite, and siderite matrix. The Eocene claystone is greenish-gray, parallel-laminated, and often includes siltstone interlayers or lenses ( Figure 3g ). The claystone consists of hydromica with organic matter, pyrite framboids in siltstone interlayers or lenses, and rare vivianite.
Magnetic Susceptibility
Volume MS profiles are presented in Figure 2 and Table A1 for the iron-bearing Bakchar deposit (depth interval of 160-240 m) and for the P-E part of the section (depth interval of 155-188 m). MS varies in the range of 2.9-289.2 3 10 25 SI (27.4-66.6 3 10 25 SI, first and third quartiles). While the MS of Paleocene 
Sedimentary Microtextures and Mineralogy
Ferrimagnetic iron sulfides (greigite and pyrrhotite) are associated with siderite cement and pyrite within the studied deposits. Pyrite is the dominant iron sulfide, but greigite and pyrrhotite are also often observed in Paleocene oolitic ironstone with siderite cement and in Eocene gritstone. The three dominant textural forms of pyrite in the studied section are framboids (Figures 4a and 4c), polyframboids ( Figure 4a ), and larger (several mm across) euhedral crystals ( Figure 4b ). Pyrite framboids consist of sub-mm crystals ( Figure  4c ). Most framboids occur in polyframboidal aggregates, each of which consists of multiple individual framboids ( Figure 4a ). The size of pyrite framboids varies from 3 to 46.6 mm. Pyrite framboids prevail in the chamosite or hydromica matrix of oolitic ironstones, sandstones, and siltstones. Pyrite is also observed in the Eocene claystone within siltstone interlayers or lenses ( Figure 4a ). In the gritstone, pyrite is associated with siderite, greigite, and pyrrhotite ( Figure 5 ). Greigite occurs in irregular and subhedral aggregates (Figure 5a ), sometimes in association with pyrite ( Figure 5b ). The main pyrrhotite occurrence in the studied rocks is in 
Geochemistry
The PETM is a 4.5 and 5.5 m thick interval within cores 803 (162.5-168.0 m) and 807 (167.5-173.0 m), respectively, that is clearly delineated by 0.6-2.2& negative excursions in bulk organic d 13 C ( Figure 7 and Table A2 ). d 13 C org values vary from 227.6& to 226.6& through the PETM, with TOC values up to 0.83% ( Figure 7 and Table A2 ). The magnitude of bulk organic d 13 C values in the Bakchar deposit is comparable to those of marine carbon isotope excursions (CIEs) recorded elsewhere (1.5-5.1&; Manners et al., 2013; McInerney & Wing, 2011) . The stratigraphic distribution of trace element EFs and major elements are shown in Figure 7 and Table A3 . These elements are usually considered as reliable proxies for estimating sedimentary oxygenation conditions (Mo, U, V) and primary productivity (Ba, Zn, Cu, P) in marine environments, and variation of clastic fluxes (Al, Ti) (Algeo & Tribovillard, 2009; Brumsack, 2006; Lebedel et al., 2013; Tribovillard et al., 2006) . The average TOC content is 0.29 6 0.19% (6standard deviation). However, sediments with pyrrhotite, greigite, and siderite within the PETM sequence from depths of 169 and 168 m have relatively high TOC values of 0.64% and 0.83%, respectively. Ti correlates with Al (r > 0.75), which indicates a siliciclastic origin with fluctuations that can be linked to detrital variations (Lebedel et al., 2013; Murphy et al., 2000; Rachold & Brumsack, 2001; Tribovillard et al., 2006) . Other elements (Mo, U, V, Ba, Zn, Cu, P) have a biogenic or authigenic origin (Algeo & Maynard, 2004; Brumsack, 2006; Calvert & Pedersen, 1993; Lebedel et al., 2013; Morales et al., 2015; Riquier et al., 2006) because they are poorly correlated or uncorrelated with Al (r < 0.6).
In the Upper Paleocene portion of the Bakchar section, EF values of redox proxies are relatively stable but high, ranging up to 15 for Mo, 18 for U, and 37 for V. Peak values coincide with oolitic ironstones with siderite cement and ferrimagnetic iron sulfides. These proxies are correlated with EFs for P and Fe. EF values for P and Fe exceed 6, and range up to 30.9 for P and 33.95 for Fe.
Peak Ba bio values, which correspond to the Maastrichtian and Lower Paleocene deposits, precede observed EF increases for the paleoredox proxies. The next Ba bio peak is recorded in gritstones with ferrimagnetic iron sulfides and siderite cement at the P-E boundary, with concentrations up to 660 ppm. Enrichment of paleoproductivity proxies Zn and P is high with EFs > 10 in the Lower-Middle Paleocene and the MiddleUpper Paleocene, respectively. The peak Zn EF (19.15) occurs in loose oolitic ironstone with low Ba bio concentrations (18.41 ppm). EFs of Cu and Ti are low (<1 and 1, respectively) in the studied section.
Fluid Inclusions
We selected only well-defined fluid inclusions from siderite for microthermometric analysis. Based on petrographic studies of fluid inclusions and their phase features at room temperature and phase transitions during heating and cooling, fluid inclusions occur in two types: Type A-two-phase (gasliquid) inclusions and Type B-liquid-only inclusions. Type A inclusions are predominant (>80% of all inclusions) and have diameters of mainly 2-6 lm (with a few reaching 6 lm), with round and elongated shapes, commonly with 10-40 vol % in the vapor phase, and mostly homogenize into a liquid phase. The ice melting temperature varied from 138C to 168C, which may be due to the presence of a clathrate phase (Bakker et al., 1996) . The homogenization temperature is in the 165-2908C range with a bimodal distribution of 1658C to 1718C and 1908C to 2908C. Type B inclusions are usually round or ellipsoidal and 2-4 lm in size. Freezing and heating experiments of Type B inclusions were restricted due to the small size (mostly 2-3 lm) of inclusions. However, all Type B inclusions homogenize to the liquid phase upon heating. We used Raman spectroscopy to identify the composition of fluid inclusions, which consist of water and methane with subordinate ethane (Figure 8 ). Characteristic liquid phase peaks are located on a broad hump between 2,800 and 2,950 cm
21
. The sharp peak that shifts position at 2912.94 cm 21 is due to a methane inclusion (Frezzotti et al., 2012; Lu et al., 2008; Pironon et al., 1991 SEM observations indicate that siderite and iron sulfide formation occurred over more than one episode in the studied sediments. This might be related to different methane, for example, due to local biogenic methane or deeper thermogenic methane, which are difficult to distinguish between with available data. In some cases, siderite has clearly overgrown early diagenetic iron sulfides (Figures 5a and 5b) , while in other cases pyrrhotite has overgrown siderite, and has then been overgrown by later siderite (Figure 5d ). This indicates progressive growth of iron sulfide and siderite during diagenesis. Greigite and pyrrhotite formation requires dissolved sulfide, which is produced by consortia of sulfate-reducing bacteria and methanotrophic archaea in marine sediments (Boetius et al., 2000) that cause pore waters to become sulfidic in association with anaerobic oxidation of methane. The released sulfide then reacts with Fe 21 -rich siderite and remaining iron-bearing minerals to form iron sulfide ; Kasten et al., 1998; Larrasoaña et al., 2007; Neretin et al., 2004; Riedinger et al., 2005; Roberts & Weaver, 2005) . A close association of greigite and pyrrhotite with siderite is indicative of methanogenesis and sulfate reduction in marine diagenetic environments (Jørgensen & Kasten, 2006; Larrasoaña et al., 2007) . The presence of methane fluid inclusions in siderite cement (Figure 8 ) within the studied oolitic ironstone and gritstone confirms this interpretation. Framboidal greigite and pyrite form during early burial (Berner, 1981) .
Siderite cement in the oolitic ironstones contains minerals (goethite, hydrogoethite) that formed under oxic conditions. Ooids generally form in warm, carbonate supersaturated, shallow marine intertidal environments where small sediment particles act as a ''seed'' onto which calcite precipitates. Ooids grow as they are washed around the seabed by strong intertidal currents. The abundance of Fe 31 -oxides in the oolites indicates that they formed in an oxic depositional environment, which is consistent with oolith formation in active intertidal environments (Figure 9a ). In contrast, siderite cement will have formed in a methanic, nonsulfidic diagenetic environment in which dissolved Fe 21 reacted in carbonate-saturated marine pore waters (Berner, 1981; M€ ucke, 2006; Roberts, 2015) . This indicates that the sediments underwent a marked change in diagenetic environment from oxic to methanic (Figures 9a and 9b) . Changes in diagenetic environment of the type observed are caused by progressive microbial decomposition of organic matter (Boetius & Wenzh€ ofer, 2013; Danise et al., 2012) . The chamosite-goethite aggregates that formed under oxic conditions (as ooliths and ooids) remain stable under methanic conditions (Berner, 1969 (Berner, , 1981 Froelich et al., 1979) . However, iron oxides and hydroxides are highly reactive under sulfidic diagenetic conditions (Roberts, 2015) . The lack of oolith bleaching indicates that even though the sediments experienced sulfidic diagenesis, as indicated by the presence of early diagenetic iron sulfides, they were either protected from reaction by a tight carbonate cement or they were not exposed to sulfidic pore waters for long enough for these minerals to have undergone dissolution. Such a scenario would have required a rapid environmental change that shifted the diagenetic environment from oxic to methanic with little time spent under sulfidic conditions. This is possible with sudden methane diffusion and/or increase in marine productivity associated with the PETM (Figure 7) . In some cases, siderite has replaced chamosite-goethite ooliths (Figure 6c ). This appears to have been rare probably because there was sufficient amorphous Fe 31 and lepidocrocite in the sedimentary environment to be reduced and react with CO 2 to form iron carbonate. Alternatively, siderite formation could have arisen directly from amorphous Fe 31 and lepidocrocite (Figure 6b ), which are the most reactive iron minerals used by bacteria as electron acceptors (Lovley & Phillips, 1986; Munch & Ottow, 1983; Sivan et al., 2016) . Primary formation of these minerals within the studied iron-bearing sediments (Figure 3c ) could have limited oolith bleaching. Fe 31 -oxide minerals could have played an important role as natural electrodes to create syntrophic interactions that facilitated methane production (Egger et al., 2016 (Egger et al., , 2017 Jiang et al., 2013; Kato et al., 2012; Sivan et al., 2016) . We favor a hypothesis involving sudden environmental change from oxic to methanic to explain preservation of Fe 31 -bearing minerals within otherwise reducing diagenetic environments. A similar argument concerning a rapid change to ferruginous diagenetic conditions during periods with high-CO 2 environments has been proposed to explain magnetite magnetofossil preservation in PETM clays on the mid-Atlantic North American margin (Kopp et al., 2009 ).
Three main factors contributed to pyrrhotite and greigite formation in Paleocene oolitic ironstones and Eocene gritstones (Figure 9b ): methane diffusion, anaerobic oxidation of methane, and limited bacterial sulfate reduction. Pyrrhotite occurs in both siderite nodules (Figures 5c and 5d ) and siderite cement (Figures 5e and 5f), and is likely to have formed via reaction with limited sulfide produced during anaerobic oxidation of methane. CO 2 and sulfide-saturated fluids appear to have penetrated interstitial spaces and microcracks in detrital grains (Figure 5g ), which gave rise to siderite and pyrrhotite formation around and inside detrital mineral grains. Pyrrhotite and greigite have been described in other marine sediments where concentration gradients of methane occur near disseminated gas hydrates Kars & Kodama, 2015a , 2015b Neretin et al., 2004; Roberts et al., 2010) . Formation of sphalerite in the studied Paleocene oolitic ironstones may also have been associated with localized bacterial sulfate reduction and HS 2 release. This sulfide reacted with Zn (Labrenz et al., 2000; Tribovillard et al., 2006) to form sphalerite, whereas dissolved Fe 21 reacted with CO 2 to form siderite cement.
The presence of pyrite and the absence of ferrimagnetic iron sulfides in the overlying Eocene claystones and underlying Upper Cretaceous deposits (Figure 4 ) is explained by completion of pyritization reactions associated with bacterial sulfate reduction (Berner, 1984; Lin et al., 2016; N uñez-Useche et al., 2016; Wei et al., 2015) . Likewise, formation of ferrimagnetic iron sulfides only within the PETM interval provides strong evidence that their formation was associated with environmental conditions during the PETM and not during subsequent burial.
Paleoredox Change and Possible Methane Source
The bimodal distribution of fluid inclusion homogenization temperatures in siderite indicates that fluids in the Bakchar deposit could have had two different sources (due to local biogenic and/or deep thermogenic methane production). As argued below, the evidence favors a biogenic origin, but we do not have sufficient data to argue strongly either way. Progressive siderite and iron sulfide formation in more than one episode within the Paleocene oolitic ironstones may indicate ongoing upward methane diffusion through sediment pore spaces via methane microseepage (Figure 9b ) (Etiope & Klusman, 2002; Kvenvolden & Rogers, 2005) . The methane would then have undergone anaerobic oxidation that produced reactants that interacted with ironbearing minerals and dissolved Fe 21 to form iron sulfides. Preservation of water and methane in fluid inclusions within siderite cement with homogenization temperatures of 190-2908C was probably linked to biogenic methane (i.e., gas-condensate) migration through the sediment (e.g., Schubert et al., 2007) , where gascondensates consist of heterogeneous mixtures of CO 2 , H 2 S, and CH 4 -rich gas, hydrocarbons, and water. Some part of the upward diffusing methane could have been released through the water column to the atmosphere (e.g., Westbrook et al., 2009) , and might have played a role in driving global climate change across the PETM (Carozza et al., 2011; Yamamoto et al., 2009 ).
Further evidence concerning the diagenetic environments of the P-E Bakchar deposit is provided by geochemical results. High enrichment of Mo, U, and V with weak background Cu enrichment in the Paleocene ironstones reflect reducing postdepositional environmental conditions with little organic matter (Brumsack, 2006; Lebedel et al., 2013; Tribovillard et al., 2006 Tribovillard et al., , 2012 . The absence of pyrite and a predominantly siderite matrix were probably linked to upward diffusing methanic fluids. The increased TOC content in the upper part of the studied oolitic ironstones is likely to have been associated with methanic siderite-forming conditions across the PETM. Local sulfidization is evident from minor sphalerite formation in the Paleocene oolitic ironstones with chamosite-siderite matrix. The Zn that contributed to sphalerite formation was probably adsorbed from sea water onto iron-oxyhydroxide particles, and was then released from organometallic complexes in sulfidic postdepositional pore waters Labrenz et al., 2000) . All of the above evidence indicates that marine sulfidic environments dominated below the seafloor of the Western Siberia Sea across the PETM under the influence of significant methane emissions, and locally increased paleoproductivity. Sulfidic diagenetic activity lasted for a relatively short period of time through the PETM, after which pelitic marine sediments accumulated under stagnant bottom waters (Figure 9c ) where pyrite formation occurred without preservation of ferrimagnetic iron sulfides. The association of diagenetic minerals (e.g., siderite, barite, and apatite) with the PETM interval, indications of increased paleoproductivity across the PETM, temperature homogenization of fluid inclusions in siderite, bulk organic d
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C results, and the presence of ferrimagnetic iron sulfides in the PETM section, are all consistent with observations from modern environments associated with gas hydrate dissociation (e.g., Kars & Kodama, 2015a , 2015b Larrasoaña et al., 2007) and provide evidence for a biogenic methane source (Dickens, 2011; Dickens et al., 1995 Dickens et al., , 1997 Panchuk et al., 2008; Zeebe, 2013) .
Given that the studied sediments are largely unlithified (lithification is enhanced in places by chemical precipitation rather than by burial compaction), and that the overlying and underlying sediments were deposited under oxic conditions that did not undergo later sulfidic diagenesis, authigenic mineral formation associated with methane venting as identified in this study is interpreted to have been associated only with the PETM. The accepted best estimate of the total duration of the PETM is about 170,000 years (R€ ohl et al., 2007) . Based on a 5 m thickness, the sedimentation rate through the studied PETM interval averages 3 cm/kyr. Iron sulfides and iron carbonates can form over short periods of days to years, so there was abundant time for the observed minerals to have formed during the PETM. Overall, the PETM was a relatively short-lived event during which enhanced organic carbon productivity and preservation drove early diagenetic conditions in the Bakchar deposit rapidly from oxic into methanic conditions.
Paleoclimatic Implications and Magnetic Identification of Pyrrhotite and Greigite
Anaerobic oxidation of methane combined with microbial sulfate reduction were the most important processes that contributed to authigenic mineral formation in PETM sediments of the epicontinental West Siberian Sea. The main factors that influence these processes are the amount of organic matter, which was driven by biological productivity in the basin, bottom water and sedimentary oxygenation, pore water chemistry, sediment grain size (porosity and permeability), and sedimentation rate. In the studied sediments, greigite and pyrrhotite formation were evidently linked to upward methane diffusion and sulfide limitation (e.g., Larrasoaña et al., 2007) . The presence of methane within fluid inclusions in the studied sediments provides rare direct evidence for methane mobilization that is relevant to one of the major hypotheses concerning the cause of the PETM. Thus, while there is no compelling evidence to link local methane venting across the PETM in the West Siberian Sea with more widespread methane mobilization and global warming, the magnetic, petrographic, and geochemical approach used here should be applicable to identifying authigenic minerals that provide telltale signatures of methane mobility that can be used to study the PETM and other events. Such analyses could prove crucial for assessing whether methane emissions played a decisive role in driving global warming across the PETM (Carozza et al., 2011; Lourens et al., 2005; Stassen et al., 2015; Thomas et al., 2002; Yamamoto et al., 2009 ).
Pyrrhotite and greigite formation in the Bakchar oolitic ironstones and gritstones have produced high magnetic susceptibilities in these rocks. These ferrimagnetic iron sulfides were recognized based on sediment magnetic susceptibility (Figure 2 ) values >80 3 10 25 SI (140.5-232.8 3 10 25 SI, first and third quartiles).
While such values are not unique to sediments that contain these minerals, magnetic susceptibility analyses could provide a useful first indication of the presence of these minerals from similar ancient environments. Regardless, identification of diagenetic greigite and pyrrhotite that formed in association with methanogenesis should help to assess the role of ancient methane hydrate migrations in sedimentary deposits.
Conclusions
Based on lithological, mineralogical, magnetic susceptibility, and geochemical analysis of the PETM Bakchar deposit from the West Siberian Sea, we demonstrate that the studied sediments contain ferrimagnetic iron sulfide minerals associated with siderite cement that provide evidence of ancient methane migration. This conclusion is confirmed by the presence of methane within fluid inclusions from the siderite cement. Methane migration associated with ancient methane hydrate dissociation is one possible option, followed by its escape to the atmosphere, for explaining the marked global warming and carbon isotope excursion associated with the PETM (e.g., Dickens et al., 1995) . While detection of methane venting within a single stratigraphic sequence does not enable testing of this hypothesis, documentation of the presence of authigenic iron sulfides and siderite produced via diagenetic fluid-rock reactions provides a key means of assessing whether methane venting has occurred within an ancient sedimentary sequence. We suggest that documentation of the presence of pyrrhotite and greigite that resulted from anaerobic oxidation of methane, such as in the studied Bakchar deposit, should become a useful tool for routine detection of ancient methane hydrate migration in sedimentary rocks.
Appendix
This appendix provides all the data, which has been used in this paper. It includes the data (Table A1) to generate magnetic susceptibility profiles in Figures 1 and 7 , and the organic geochemistry data (Table A2) to create the carbon isotope excursions and the total organic carbon profile in Figure 7 . It also includes the geochemistry data (Table A3) to analyze paleoenvironmental conditions and to generate geochemical profiles in Figure 7 . 
